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Background Continuous blood pressure monitoring is essential in the management of patients in critical conditions, as well as those under anesthesia. However, continuous blood pressure monitoring requires insertion of a catheter into the radial artery. Thus, continuous noninvasive arterial blood pressure monitoring would be ideal.
Participants and methods
We designed and built a continuous noninvasive arterial blood pressure monitoring device with a pressure sensor diaphragm using microelectromechanical system technology, a square with 4 mm sides that were 0.4 mm thick. Comparisons between a continuous noninvasive arterial blood pressure monitoring device and a sphygmomanometer were carried out on 92 volunteers, and comparisons between noninvasive and invasive blood pressure monitoring were performed on three patients perioperatively at Fukushima Medical University Hospital.
Results In the comparisons of arterial blood pressure measurements between a sphygmomanometer and our device, the differences became gradually greater over time after starting continuous monitoring in conscious participants. In the comparisons of arterial blood pressure measurements between the invasive and noninvasive methods in unconscious subjects under general anesthesia, the results of noninvasive monitoring were consistent with those of invasive arterial blood pressure monitoring. 
Conclusion

Introduction
Continuous blood pressure monitoring is essential in the management of patients in critical conditions, as well as those under anesthesia. However, continuous blood pressure monitoring usually requires the insertion of a catheter into the radial artery [1] , which requires appropriate skill and takes additional time during anesthesia. Furthermore, complications, such as arterial bleeding, arterial thrombus, and catheter infection are sometimes encountered [2] [3] [4] . To prevent necrosis of the fingers in cases of arterial thrombus, physicians should perform the modified Allen test (i.e. manual occlusion of radial and ulnar arteries followed by the release of the latter and palmar blush assessment) [5, 6] . Thus, continuous noninvasive blood pressure monitoring should be established [7, 8] .
Recently, continuous noninvasive arterial pressure monitoring systems based on the volume clamp method [3, 9, 10] and arterial tonometry [11] [12] [13] have been developed. The volume clamp method derives the waveform of finger arterial pressure from the cuff pressure that is needed to keep the blood volume assessed by a photoplethysmography sensor mounted on an inflatable finger cuff [7, 9] . The continuous radial artery applanation tonometry technique records the arterial pressure waveform using a sensor mounted over the radial artery [7] . However, no definitive validation studies have yet been performed on these techniques.
As microelectromechanical system (MEMS) technology is capable of high levels of integration and miniaturization due to its thin-film production [14, 15] , a pressure sensor using MEMS has the capability to meet the clinical demand for a continuous noninvasive arterial pressure monitoring system. Such devices can also be used for monitoring blood pressure in emergency departments and ICUs. Thus, we sought to investigate the usefulness of this system by developing a novel continuous noninvasive arterial pressure monitoring device.
Participants and methods
Pressure sensor using the microelectromechanical system Figure 1a shows a system configuration. A pressure sensor diaphragm using MEMS technology, a 4-mm long and 0.4-mm thick square, was made at Advantest Inc. (Tokyo, Japan; Fig. 1b and c). This sensor diaphragm is a thin film made of silicon, which can convert a change in pressure into a change in voltage. A small chamber (1-mm diameter, 0.14-mm thick) is formed by making a circular slit on a sheet (Double coated medical tape #1522H; 3M, Maplewood, Minnesota, USA), on the sensor diaphragm. The orifice of this chamber is pressed against the skin above the radial artery, and distortions made by the pulsations of the artery are detected by the sensor diaphragm, then converted into a voltage by the MEMS. A voltage measured by the MEMS sensor was then amplified using a signal amplifying circuit and transmitted to a monitor display. The relationship between added pressure and voltage was examined by adding pressure-monitored air flow. The main unit is composed of a sensor interface to reduce noise, a display (LMTM080SVG; DIATEST Japan Co. Ltd, Osaka, Japan), a digital computer system (sbRIO-0926 single board central processing unit, National Instruments Japan Corporation Inc., Tokyo, Japan), and software (LabVIEW; National Instruments Japan Corporation Inc.).
Calibration
As the MEMS sensor cannot detect absolute blood pressure, calibration must be performed using a manual blood pressure measurement device before starting the evaluation. The main unit contains a pressure monitor that uses the oscillometric method to perform automatic calibration. First, a stable electrical pressure difference is continuously recorded using the MEMS sensor fixed to the left wrist of the participant. A cuff is then placed around the left upper arm, and when the cuff pressure is increased above systolic blood pressure, the electrical pressure difference then disappears. During deflation, the electrical pressure difference will resume at the participant's systolic arterial pressure. The cuff pressure and the corresponding voltage at this point are conveniently defined as P 1 and V 1 , respectively. Next, the electrical pressure difference will disappear again at the participant's diastolic blood pressure. The cuff pressure and the corresponding voltage at this point are conveniently defined as P 2 and V 2 , respectively. Accordingly, any voltage (V) can be converted into a corresponding pressure (P) by either:
Comparisons with sphygmomanometry
Comparisons between a continuous noninvasive arterial blood pressure monitoring device and sphygmomanometry were performed on 92 volunteers (56 men and 36 women, average age SD: 42.2 12.8). Blood pressure was measured using a manual sphygmomanometer (DS44; Welch Allyn, Tokyo, Japan), with a cuff three times each at 0, 5, 10, 15, and 20 min after starting continuous noninvasive monitoring on the opposite arm. As it is difficult for participants to sit still and not to move their arm for long periods of time, monitoring was stopped at 20 min for each participant. Calibration for continuous noninvasive arterial blood monitoring was performed as described above before starting measurements. Differences between the manual sphygmomanometry and the continuous monitoring of both systolic and diastolic arterial blood pressures were compared.
Comparisons with invasive blood pressure monitoring
Comparisons between noninvasive and invasive blood pressure monitoring were performed on three patients perioperatively at Fukushima Medical University Hospital. After the induction of general anesthesia, arterial blood pressure was simultaneously monitored by the invasive method, through a catheter inserted into the left radial artery, and by the noninvasive method, through a monitor adhered right above the radial artery. All participants provided written informed consent, and the study protocol was approved by the institutional review board of Fukushima Medical University (approval number: 2182), and all clinical investigation was performed according to the principles expressed in the Declaration of Helsinki.
Statistics
Differences in averages among the groups were analyzed using a two-way factorial analysis of variance. All statistical calculations were performed using SPSS, version 24 software (IBM Japan, Tokyo, Japan).
Results
The relationship between sensor diaphragm diameter, mechanical pressure, and the induced voltage Figure 1b shows the sensor using MEMS and Fig. 1d shows the obtained radial artery waveforms with a dicrotic notch.
The relationship between the diameter of the sensor diaphragm and induced voltage under pressure-monitored air flow was evaluated. Figure 2 shows the relationship between pressure and voltage. The diaphragm with a 10-mm diameter showed an ideal linear relationship.
Comparisons with sphygmomanometry Figure 3 shows the differences between sphygmomanometry and continuous monitoring of both systolic and diastolic arterial blood pressures at 0, 5, 10, 15, and 20 min The differences became gradually increased over time after starting continuous monitoring because it is difficult for conscious people to remain still without any movement. Differences between noninvasive and invasive monitoring showed a statistically significant difference in systolic and diastolic arterial pressure at 20 min (P < 0.0001 for both).
Comparisons with invasive blood pressure monitoring
The raw data is shown in Fig. 4 . Continuous arterial blood pressure of the three patients was monitored for 110, 60, and 57 min, respectively. The difference in time periods was due to a change of position during surgery. Recalibration during measurement was performed three times, twice, and once, respectively. The differences between noninvasive and invasive monitoring showed no statistically significant differences in systolic and diastolic arterial pressures (P = 0.811 and 0.851, respectively). In the anesthetized participants, the results of the noninvasive monitoring were similar to those of the invasive arterial blood pressure monitoring.
Discussion
To the best of our knowledge, this is the first description and evaluation of the continuous noninvasive blood pressure monitoring using a pressure sensor with MEMS technology. According to our results, this method is feasible in the clinical setting and showed reasonable accuracy compared with radial arterial catheter-derived arterial blood pressure monitoring. In the conscious participants, the differences between noninvasive and invasive monitoring became gradually increased, whereas no significant differences were observed in the Relationship between added pressure to sensor diaphragm and induced voltage. Comparisons with sphygmomanometry. The differences between sphygmomanometry and continuous monitoring of both systolic and diastolic arterial blood pressures (SAP and DAP, respectively) at 0, 5, 10, 15, and 20 min. *P < 0.0001.
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unconscious participants. Although our device needs recalibration at every 15 min in conscious participants, such as in patients under local anesthesia or those recovering from general anesthesia, it can supplant invasive arterial blood monitoring in emergency departments and intensive care units for unconscious patients who require continuous monitoring of their blood pressure.
Continuous noninvasive arterial pressure monitoring systems based on the volume clamp method [3, 9, 10] and arterial tonometry [11] [12] [13] Volume clamping methods, such as the CNAP system, detects blood flow oscillations, from which arterial blood pressure waveform can be obtained indirectly [16] . Thus, this method needs calibration. The continuous radial artery applanation tonometry technique directly records the arterial pressure waveforms using a sensor mounted over the radial artery [7] . As it is necessary for tonometry to press an artery into a flat shape for a long time, it is not suitable for monitoring over long periods of time. However, continuous noninvasive blood pressure monitoring using a pressure sensor that uses MEMS technology directly records arterial pressure waveforms and is suitable for long-time monitoring because no compression of the radial artery is necessary. However, it requires tight sealing between a sensor and the skin above the radial artery, as well as calibration because absolute values of arterial pressure cannot be obtained.
Several limitations exist in the current study. First, there were a limited number of enrolled patients. Second, we did not examine mean arterial pressure. However, continuous noninvasive blood pressure monitoring using a pressure sensor supplied relatively precise arterial pressure measurements compared to the invasive arterial pressure monitoring. Our device was also shown to be feasible and accurate in a clinical setting. Thus, this novel arterial pressure monitoring device may be a possible alternative to conventional invasive arterial pressure monitoring by an arterial catheter. Comparison with invasive blood pressure monitoring. Comparisons between noninvasive and invasive blood pressure monitoring were performed in three patients perioperatively at Fukushima Medical University Hospital. The arterial blood pressure of the three patients was continually monitored for 110, 60, and 57 min, respectively. Arrows show recalibration due to a change of position during operation. DAP, diastolic arterial blood pressure; SAP, systolic arterial blood pressure.
